Background: Transcription initiation is controlled by cis-regulatory modules. Although these modules are usually made of clusters of short transcription factor binding sites, a small minority of such clusters in the genome have cis-regulatory activity. This paradox is currently unsolved.
Introduction
The transcriptional program of a cell largely determines its phenotype. It is driven by the combinatorial interactions between transcription factors and cis-regulatory sequences located at a variable distance from the gene they control [1] . Cis-regulatory sequences have a modular architecture. Each module is constituted of a stretch of usually noncoding genomic DNA, which acts as docking platform for transcription factors and positively (enhancers) or negatively (silencers) regulates transcription in specific territories. A thorough understanding of transcriptional regulation requires the genome-wide identification of the cis-regulatory modules and upstream transcription factors active in the various tissues.
Recent progress has been achieved in the large-scale in vivo identification, by chromatin immunoprecipitation, of enhancers active in specific cell types [2, 3] . Such experiments provide an unprecedented view of regulatory sequences active in individual tissues. Although it may be difficult or impossible to experimentally identify all enhancers active in the many cell populations that constitute a complex developing metazoan, these approaches provide the raw material from which cis-regulatory rules can be computationally extracted.
Two such rules are now routinely used to predict cis-regulatory potential: (1) regulatory modules usually contain a high local density of transcription factor binding sites [4] , and (2) they are mostly located in evolutionarily conserved noncoding sequences [5] . These simple, useful rules only have limited predictive power. In particular, they cannot explain why only a minority of the evolutionarily conserved clusters of consensus transcription factor binding sites displays cis-regulatory activity in its genomic context (e.g., [6] ). Thus, additional features need to be taken into account when predicting the activity of clusters of putative transcription factor binding sites.
Whether a binding site cluster can act as a cis-regulatory module in tissues that express the necessary trans-acting factors can be a function of intrinsic features of the element sequence. These include the precise sequence of the putative binding sites (e.g., [7] ) as well as the orientation and/or spacing between sites (e.g., [8] [9] [10] ). In addition to such intrinsic determinants of cis-regulation, the activity of clusters can also be influenced by their genomic environment [11] , so that clusters located in a repressive chromatin environment may show reduced or no activity [12] . The relative importance of intrinsic (based on the sequence of the element) and extrinsic (based on the genomic neighborhood of the element) determinants of cis-regulatory activity has not yet been analyzed in detail.
To help discriminate between intrinsic and extrinsic features, the activity of a candidate element should be tested outside of its genomic context. For this, the element can be placed in front of a minimal promoter driving a reporter gene, and the activity of the construct can be tested in embryos by transient reporter assays. Should the chromatin state or architecture normally imposed by neighboring genomic sequences play a restrictive role, clusters inactive in their genomic context should become active when tested in transient reporter assays.
Such analyses would be most conclusive in a model organism in which cis-regulatory modules are short and well defined and where it is possible to analyze the activity of a large number of candidate cis-regulatory modules by transient reporter assays in embryos. Ascidians are marine invertebrate chordates with compact genomes [13, 14] that fulfill these two requirements. First, the known minimal enhancers characterized in the major model organism, Ciona intestinalis, are short and contain 1-3 distinct transcription factor binding sites (e.g., [15] [16] [17] [18] [19] ). When tested by in ovo transient reporter assays, these elements drive transcription in territories that reflect their endogenous activity. Second, a very efficient transient electroporation protocol has been designed for ascidian embryos, in which the activity of large sets of candidate regulatory sequences can be tested outside of their endogenous genomic context [19] . We thus set out to identify the determinants of activity of clusters of transcription factor binding sites in the ascidian Ciona intestinalis.
For this, we started from one of the best-characterized enhancers in ascidians, the Otx a-element ( Figure 1A ). This enhancer drives the early expression of the homeobox gene Otx in just four neural precursor cells at the 32-cell stage in response to an induction by the neural inducer FGF9/16/20 [15] . Careful dissection of this short (55 bp) element showed that its activity results from a combination of binding sites for two maternal transcription factors, GATA4/5/6 and ETS1/ 2, which become posttranslationally activated in presumptive neural cells in response to the neural inducer FGF9/16/20 [15] .
The sheer simplicity of the Ci-Otx a-element constitutes an interesting paradox. Although several thousands of clusters of consensus ETS and GATA sites exist in the Ciona intestinalis Table S1 .
genome, Ci-Otx is currently the only known direct target of the fibroblast growth factor (FGF) neural inducer. No other gene expressed specifically in all four animal neural precursors can be identified in the extensive collection of over 25,000 Ciona intestinalis whole-mount in situ hybridization profiles. This suggests that only a very small minority of clusters of GATA and ETS binding sites work as enhancers in vivo. In this study, we combined the computational identification and analysis of conserved clusters of two ETS and two GATA sites across the Ciona genomes with experimental assay of their activity during embryogenesis. This approach allowed us to identify a novel intrinsic sequence signature for the cis-regulatory activity of clusters of ETS and GATA binding sites that also applied to a collection of Ciona cis-regulatory sequences we identified in parallel. More generally, these rules apply to a large fraction of short Drosophila enhancers.
Results
The Architecture of the Ci-Otx A-Element Is Flexible We first determined the minimal number of binding sites required for the activity of the a-element. The ETS binding sites have both been previously individually mutated and shown to contribute to the activity of the element [15] . We individually introduced inactivating point mutations in each of the three putative GATA binding sites ( Figure 1B ; see also Table S1 available online), placed the modified a-element in front of a minimal promoter driving LacZ, electroporated the resulting constructs in fertilized eggs, and counted the number of embryos with LacZ activity in neural cells. This number provides a semiquantitative measure of the activity level of the enhancer [15] (see Supplemental Experimental Procedures). The activity of the element in neural precursors was severely affected when the first (G1) or the third (G3) GATA binding sites were mutated. In contrast, mutation of the second GATA binding site (G2) had no significant effect.
To understand why G2 did not contribute to the activity of the element, we changed its orientation or sequence in a context in which G3 was mutated. In this context, expression in neural precursors would indicate a gain of activity of the modified G2 site. Inversion of the site had no effect ( Figure 1B , G3 mut + G2-inv), but replacing eight nucleotides centered on the G2 core with the corresponding nucleotides of G1 rescued the activity of the element ( Figure 1B , G3 mut + G2 to G1). Thus, the sequence of the G2 binding site, rather than its orientation, reduces its activity in vivo. This suggests that the DNA binding specificity of GATA4/5/6 is less degenerate than anticipated.
We next tested the rigidity of the syntax of the a-element. Two types of enhancer architectures have been described [9] . Enhanceosomes are compact elements characterized by a rigid architecture in which the position, orientation, and spacing of binding sites are constrained. In contrast, billboard enhancers tend to occupy longer stretches of genomic DNA and have a flexible unconstrained architecture. To estimate the rigidity of the architecture of the a-element, we modified the orientation and spacing of ETS and GATA binding sites. Inversion of the first GATA binding site had no significant effect on the activity of the a-element (data not shown). Likewise, increasing the distance between the first GATA and the first ETS sites by half of a helix turn, the most deleterious mutations in enhanceosomes [20] , or by a full helix turn, had no significant influence on the activity of the a-element ( Figure 1C , d(G1-E1) Inc 4 and d(G1-E1) Inc 10). Similarly, increasing the distance between the two ETS sites by half of a helix turn had no effect ( Figure 1C , d(E1-E2) Inc 5). In contrast, enhancer activity was lost when we reduced the spacing between the first GATA and the first ETS sites by four nucleotides, indicating that a minimal distance is required between binding sites, presumably owing to a steric hindrance effect ( Figure 1C ,
These data reveal that two GATA and two ETS binding sites can be sufficient for the activity of the a-element in neural precursors. They also indicate that, in spite of its compactness, the a-element behaves as a billboard enhancer. In addition, the orientation of the whole element with respect to the basal promoter did not matter ( Figure 1B , Inv). 
Computational Identification of Additional Early Neural Enhancers
We next scanned the Ciona genomes for instances of clusters of two ETS and two GATA sites similar to that of Otx in the hope of identifying additional FGF-responsive neural enhancers. We designed a phylogenetic footprinting-based algorithm named Search for Evolutionary COnserved MODules (SECOMOD). SECOMOD performs a genome-wide search for clusters of transcription factor binding sites present in orthologous noncoding regions from the two aligned compact genomes of Ciona intestinalis and Ciona savignyi ( Figure 2 ). The algorithm searches for clusters of binding sites in Ciona intestinalis according to a number of sites and a cluster size specified by the user. It then identifies the orthologous region in Ciona savignyi and checks whether this region also contains the required number of sites and has the correct size. In light of the flexible syntax of the Otx element, misalignment of binding sites between orthologous clusters in the two Cionas was not penalized.
Using SECOMOD, we searched for clusters of two GATA and two ETS binding sites with no other constraint than a distance between last and first bases of consecutive sites superior or equal to five nucleotides, a minimal sequence conservation of 40% (which allows clusters with an overall weak sequence conservation to be found), and a cluster length of 80 nucleotides ( Figure 2 ). We used a consensus binding site for ETS (MGGAAR), based on the four ETS sites found in the a-element of Ciona intestinalis and Ciona savignyi, and a relaxed GATA site consensus (GATA). Out of the 2334 Ciona intestinalis clusters that satisfied these criteria, only 508 fell in evolutionarily conserved regions. Of those, only nine, including the Otx a-element, matched a Ciona savignyi orthologous cluster with at least two sites of each type (Table S2 , C1 to C9).
To assay transcriptional activity in vivo, we placed a short stretch of genomic DNA including each cluster, flanked by approximately 35 nucleotides of genomic sequence (Table  S2) , immediately upstream of a basal promoter driving the LacZ reporter gene. These constructs were electroporated into eggs, and their activity was analyzed at the early gastrula stage. Clusters C4 and C9 (a-element) drove strong activity in the progeny of the a6.5 and b6.5 neural precursors, whereas cluster C1 showed occasional weak activity in the b6.5 lineage ( Figures 3A and 3B ). Clusters C2 and C3 also behaved as enhancers, but rather than in the neural lineages, they were respectively active throughout the a-line neural precursors and the a-line ectoderm (Table S2) , presumably owing to the presence of additional transcription factor binding sites in the tested sequences. Interestingly, several independent clones for C3 lacked one of the GATA sites, arguing that it is not under strong evolutionary pressure in the highly polymorphic Ciona genome. The remaining three clusters (C5, C6, and C7) showed no transcriptional activity up to the early gastrula stage.
To extend our putative enhancer list, we lengthened the search window to 130 bases or further relaxed the consensus of the ETS site to HGGAWR [21] in a window of 80 nucleotides. This led to a list of 46 additional clusters, 12 of which were experimentally tested by electroporation (Table S2 , C10 to C55). Two clusters (C35 and C51) showed activity in a subset of the neural precursors ( Figures 3A and 3B , b6.5-line), one cluster (C26) drove expression in muscle precursors, and nine clusters showed no activity (Table S2) .
Overall, our approach thus identified seven new clusters with enhancer activity. Among them, three efficiently drove transcription specifically in the animal neural precursors and one cluster drove weak occasional activity in the posterior animal neural precursors. Consistent with our expectation that these clusters mediate transcriptional enhancer activity in response to the FGF9/16/20 neural inducer, treatment of electroporated embryos with the MEK inhibitor U0126 from the 8-cell stage led to a suppression of the activity of the a-element and of C1 and C4 and to a marked reduction in activity of C35 and C51 ( Figure 3C ).
The Three Clusters with Strong Neural Activity Are Located Next to FGF-Dependent Early Neural Genes
We next addressed whether clusters showing early neural activity in our artificial in vivo reporter assay also display enhancer activity in the context of the Ciona chromosomes. For this we analyzed whether the genes located in the vicinity of these clusters were expressed in animal neural progenitors in a FGF/MEK-dependent fashion.
Clusters C1, C4, C35, and C51 were respectively closest to the Ci-Prickle, Ci-ELK, Ci-ERF, and Ci-Nodal genes ( Figure S1 ). At the 44-cell stage, the three genes have a zygotic expression profile corresponding to the domain of activity of their associated cluster ( Figure 3A) . As expected, endogenous neural expression of the Ci-Otx, Ci-ELK, Ci-Nodal, and Ci-ERF genes was suppressed in response to MEK inhibition (data not shown). Expression of Ci-Prickle was not clearly detected in the animal neural lineages, either because this gene is not expressed in these territories or because the presence of maternal transcripts prevents the detection of the zygotic signal.
We conclude that the three strong ETS-and GATA-responsive enhancers active in early neural cells in reporter assays are located close to FGF-responsive genes expressed in the same territories. This high correlation between the results of transient reporter assays with an artificial construct and the neural expression of neighboring genes in the endogenous genomic context suggests that the precise chromatin environment of the clusters is not a major qualitative determinant of their activity. In the following sections, we sought to identify intrinsic sequence determinants of the activity of clusters of ETS and GATA sites.
ETS and GATA Binding Site Sequences Contribute to but Are Not Sufficient for Early Neural Enhancer Activity As previously reported in other studies [22, 23] , the precise degree of evolutionary sequence conservation and transcriptional activity were not correlated. For instance, the sequence of the very active C51 cluster is modestly conserved between Ciona intestinalis and Ciona savignyi, whereas the inactive C5 cluster is highly conserved (45% and 75% of sequence identity, respectively, Table S2 ). Also, consistent with the relaxed syntax of the a-element, binding site orientation, order, and spacing differed markedly between clusters driving neural expression ( Figure 3B ).
In contrast, the precise sequences of putative GATA and ETS binding sites differed between active and inactive clusters ( Figure 4A ), suggesting that the sequence of the ETS and GATA binding sites may be a determinant of cluster activity. To test this idea, we chose four clusters that showed no activity when tested by electroporation and replaced the sequences of at least two putative ETS and GATA binding sites with the sequence of the first ETS (E1; ACGGAAG) and first GATA (G1; AGATAA) sites in the Ci-Otx a-element, both functionally important for the activity of the a-element ( Figure 1A ; [15] ). These mutations were sufficient to increase the level of activity of C1 and to confer early a6.5-line neural activity to cluster C52. They were, however, not able to rescue activity in clusters C49 and C53 ( Figure 4B ).
These results, combined with those presented in Figure 1A (G3mut + G2 to G1), establish that the sequence of the putative ETS and GATA binding sites is an important, but not fully determining, parameter of enhancer activity. We thus looked for additional sequence features, independent of the binding sites, that would discriminate active from inactive clusters.
A Sequence Code Associated with Nucleosome Exclusion
Correlates with Enhancer Activity in Ciona Although DNA introduced transiently into eukaryotic cells usually does not recapitulate endogenous chromatin structures [24] , it is packaged into nucleosomes [25] . Bound nucleosomes can occlude transcription factor accessibility to putative binding sites, and nucleosome depletion has been observed around functional transcription factor binding sites, as well as at functional regulatory modules [26] [27] [28] [29] . Nucleosome occupancy is partially determined by local DNA sequence cues, thought to favor or disfavor the sharp bending of nucleosomal DNA wrapped around the histone core (reviewed in [30, 31] ). Several computational models have been developed that predict the intrinsic affinity of DNA sequences for nucleosomes (reviewed in [31] ). We ran such models on the Ciona genome to test whether the difference between active and inactive clusters may be correlated to their predicted affinity for nucleosomes.
The first three models we tested were trained on yeast nucleosomal sequences [28, 32, 33] . These yeast-trained models showed no significant correlation between nucleosome occupancy and cluster activity ( Figure S2 ). By contrast, using a model trained on a set of 177 natural chick mononucleosomes [32] , we found a strong correlation between predicted nucleosome depletion and cluster activity ( Figure 5A ). Nucleosome occupancy probability for each of the five clusters active in the neural precursors, including the a-element, was 0.00, significantly lower (p = 5.6 3 10
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) than the occupancy probability of 0.61 calculated for a set of size-matched randomly chosen conserved noncoding sequences. In contrast, the 12 clusters that lacked transcriptional activity had an average occupancy probability of 0.60, identical to that of a set of size-matched randomly picked conserved noncoding sequences ( Figure 5A ). Thus, in ascidians, the predicted intrinsic ability of an ETS and GATA cluster to exclude nucleosomes correlates with its transcriptional activity. It is puzzling that a single nucleosome occupancy prediction model trained on a set of chick, not yeast, nucleosomes correlates with transcriptional activity. This may reflect the fact that nucleosome occupancy determinants can differ between yeast and metazoans [28, 34] . Alternatively, the chick-trained Segal score may not solely reflect nucleosome affinity and may also be influenced by yet-uncharacterized features directly linked to transcriptional regulation. Bearing in mind this possible complication, we consider below that predicted nucleosome occupancy or exclusion is a plausible interpretation of the chick-trained Segal score. Inverse correlation between predicted nucleosome occupancy and transcriptional activity was not restricted to clusters of ETS and GATA sites. We scanned the literature and identified 35 Ciona intestinalis cis-regulatory sequences active in various territories at different stages (Table S3 ) (O. Tassy, P.K., F.D., and P.L., unpublished data; [18, 35] ). To complement this data set, we cloned 44 conserved noncoding elements acting as cis-regulatory sequences for tissue-restricted regulatory genes (see Supplemental Experimental Procedures). Altogether, this constitutes a collection of 79 Ciona cis-regulatory sequences identified by different routes (Table S3) . Elements shorter than 500 bp showed an average nucleosome occupancy of 0.34 compared to 0.57 for size-matched randomly picked conserved noncoding sequences (p = 1.53 3 10 207 ) ( Figure 5B) . Interestingly, the active element with highest predicted affinity for nucleosomes is the sFRP1/5 enhancer [16] , which is a target of the ascidian ortholog of FoxAa, known in vertebrates for its ability to displace nucleosomes [36] . Cis-regulatory modules (CRMs) are generally short, and cis-regulatory sequences longer than 500 bp should include both CRMs, falling in nucleosome-free regions, and nonregulatory DNA, falling in nucleosome-occupied regions. Indeed, the average occupancy probability of these longer regulatory elements was 0.45, only marginally lower than the 0.48 value obtained for size-matched random regions ( Figure 5B ).
Predicted Nucleosome Exclusion Signals Are Evolutionarily Robust and Partition Conserved Noncoding Sequences into Fractions with Differing Regulatory Potential
We next analyzed whether nucleosome affinity was evolutionarily conserved between the two Ciona genomes. We used the previous set of randomly picked conserved noncoding sequences and compared the predicted nucleosome affinity of orthologous loci. These Ciona intestinalis sequences had variable nucleosome occupancy probabilities that did not correlate with the extent of evolutionary sequence conservation ( Figure 6A ). The affinity for nucleosomes, however, tended to be conserved at orthologous loci: 42% of sequences had conserved high nucleosome occupancy probability (>0.5, red dots) and 24% excluded nucleosomes in both species (score < 0.5; green dots), whereas 34% of sequences had markedly different nucleosome occupancy probabilities between species (mauve dots) ( Figure 6B ). Remarkably, patterns of evolutionary conservation of nucleosome occupancy strongly differed between random or inactive sequences on the one hand and enhancers on the other ( Figure 6C ). Fiftynine percent (45 of 76) of active Ciona regulatory sequences (8 ETS and GATA clusters and 68 enhancers conserved between the two Ciona genomes) excluded nucleosomes in both species, and only 13% (10 of 76) had conserved high nucleosome occupancy, including the sFRP1/5 enhancer. In contrast, 33% (4 of 12) of inactive clusters had predicted low affinity for nucleosomes in both genomes, and 42% (5 of 12) had conserved high affinity for nucleosomes (Table S2 and  Table S3 ).
Thus, the nucleosome occupancy probability partitions conserved noncoding sequences into functionally distinct subgroups. A major fraction of sequences shows Tables S2  and S3 ), and inactive (12 ETS and GATA clusters; Table S2 ) Ciona genomic sequences found in the three types of domains defined in (B). Low/High Nuc Occ corresponds to a situation in which the occupancy of the element is low in one species and high in the other.
evolutionarily conserved high nucleosome occupancy and low regulatory potential, except perhaps for regulatory sequences bound by factors able to displace nucleosomes. A minor set of sequences are devoid of nucleosomes in both species and show higher regulatory potential, confirming the importance of the nucleosome affinity code for enhancer activity in Ciona.
Nucleosome Exclusion Signals
Contribute to a Regulatory Signature Conserved with Drosophila but Less Frequently Used in Humans We finally tested whether the correlation between predicted low nucleosome affinity and enhancer activity was a specific feature of ascidians or was more generally applicable to other species.
We first analyzed Drosophila sequences. Markstein and colleagues computationally identified in Drosophila 15 clusters of binding sites for the Dorsal transcription factor across the Drosophila genome [6, 37] . Only five of these clusters showed an expected enhancer activity in the early neurogenic ectoderm, whereas the remaining ten clusters had no transcriptional activity. The five active clusters had an average nucleosome occupancy probability of 0.27, whereas the ten negative clusters averaged a score of 0.67 ( Figure 7A ; Table S4 ). To extend this data set, we extracted from the ORegAnno database [38] a set of 313 validated Drosophila regulatory elements smaller than 900 bp (average size 450 bp) and calculated their nucleosome occupancy probability ( Figure 7B ; Table S5 ). The predicted nucleosome occupancy for these 313 CRMs (average occupancy probability = 0.45; Figure 7B ) differed significantly (p = 1.35 3 10 215 ) from those of a set of size-matched randomly picked sequences (average occupancy probability = 0.56). When divided into bins of 200 bp, nucleosome occupancy probability was 0.36 for sequences shorter than 200 bp (p = 1.75 3 10
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). Above 200 bp, the average occupancy in regulatory elements increased to 0.46 (258 sequences, median = 0.49) but remained lower in positive sequences than in sizematched random sequences (average = 0.56, p = 3.43 3 10 207 ). This transition may reflect that the longer sequences in the ORegAnno data set may include both CRMs and nonregulatory sequences, as previously noted for longer elements in Ciona.
The genomes of Ciona and Drosophila are short, with a high gene density and compact regulatory regions. We finally analyzed whether predicted low nucleosome affinity also correlated with enhancer activity in the larger vertebrate genomes. We selected from the VISTA enhancer project [39] a set of 422 noncoding human sequences that were conserved with chicken and shorter than 1200 bp. Of these sequences, 161 have enhancer activity when tested in transgenic mouse embryos, whereas 261 do not (Table S6) . Predicted nucleosome occupancy was high and not significantly different between the two classes of sequences (0.81 and 0.84, respectively, Figure 7C) . Interestingly, although few tested human sequences had low (<0.4) predicted nucleosome occupancy, most of these acted as enhancers, suggesting that a small proportion of human enhancers may obey the nucleosome depletion code more widely used by ascidians and Drosophila. Further functional data, and in particular the identification of sets of mammalian minimal enhancers, will be required to assess to what extent the cis-regulatory sequences code that we identified applies to mammals. 
Discussion
In spite of the recurrent finding that only a minority of clusters of transcription factor binding sites found in metazoan genomes act as enhancers, few studies have mechanistically addressed the reasons of the transcriptional silence of most clusters present in these genomes. In this study, we explored the parameters that determine whether a short, simple cluster of two types of consensus transcription factor binding sites behaves as an enhancer in Ciona. Overall, our results are in keeping with the previous proposal that a balance of affinity of genomic fragments for transcription factors and nucleosomes is a crucial determinant of enhancer potential (e.g., [40] ). Most importantly, our work indicates that this balance can be predicted by the analysis of genomic sequences. In this section, we will focus on the general implications of our work for the understanding of metazoan transcriptional regulation.
Relationship between Enhancer Compactness and Syntax Rigidity
In spite of its compactness, the Otx early neural enhancer acts as a flexible billboard enhancer. Consistently, the three additional early neural enhancers with similar structure that we discovered in the Ciona genome do not share a common binding site organization. C51 (Nodal) even displays distinct binding site organization between the two Cionas (Table S2) .
This lack of a rigid syntax in highly compact enhancers may appear surprising, because billboard enhancers are generally less compact than enhanceosomes. A rigid syntax would also have been in keeping with previous reports that proteins of the GATA and ETS families physically interact [38, 41] . Papatsenko and Levine [42] proposed that in Drosophila, a constrained syntax may be particularly important for enhancers that respond to limiting concentrations of transcription factors. The abundance of maternal transcripts for ETS1/2 and GATAa suggests that, in our case, protein concentrations may be sufficient to bypass the requirements for a constrained syntax.
Thus, the conserved small size of the early Ciona neural enhancers that we identified is unlikely to reflect obligatory transcription factor interactions. Rather, we propose that it results from the general compaction of noncoding sequences in the small Ciona genomes.
A Combined Sequence Code for Enhancer Activity
Our results, based on transient reporter assays, suggest that the intrinsic sequence of putative regulatory elements plays a larger role in their activity than the global chromatin state at their endogenous genomic locus. Our detailed comparative analysis of active versus inactive clusters, and more generally, of Ciona and Drosophila enhancers, suggests that, in these organisms, many enhancers are characterized by the joint presence of transcription factor binding sites and a dinucleotide signature associated with nucleosome depletion.
These two signatures appear to be largely independent and of distinct nature. In contrast to the binding of transcription factors, which involves direct base recognition in short, specific sequence motifs, the dinucleotide signal that we identified is diffuse: randomizations that preserved dinucleotide frequencies (Markov order 1) but destroyed the ETS and GATA binding sites had little effect on nucleosome occupancy probabilities ( Figure S3 ). This diffuse dinucleotide signal probably affects the structural properties of the DNA helix and, thereby, its ability to wrap around the histone core [43] .
The absence of correlation between enhancer activity and nucleosome occupancy predictions from several models trained on yeast mononucleosomes suggests that nucleosomes may not show exactly the same affinity for DNA sequences in yeast and metazoans, such as chicks and ascidians. Consistent with a difference between yeast and metazoan nucleosome codes, nucleosome occupancy maps predicted by models trained on in vitro reconstructed yeast nucleosomes show a better fit with in vivo maps in yeast than in C. elegans [28] . Furthermore, dinucleotide signatures for yeast, C. elegans, and human nucleosomes may differ [34, 44] . Finally, the chick mononucleosome sequences used by Segal and colleagues [32] to train their model may have included signals beyond those responsible for nucleosome binding that could also influence transcription. One could, for example, imagine that the efficient recruitment of large transcriptional complexes necessary for the function of metazoan enhancers [1] may require specific structural properties of the DNA helix, encoded, like nucleosome affinity, in dinucleotide frequencies but distinct from nucleosome exclusion signals. Experimental validation of our favored interpretation that the chick-trained Segal score reflects primarily nucleosome exclusion will require the in vivo mapping of nucleosome positions in neural precursors, a task currently complicated by the difficulty in purifying these rare cells in sufficient numbers.
Is There a General Metazoan cis-Regulatory Code?
The code proposed here suggests that clusters of transcription factor binding sites are preferentially active if they are imbedded within sequences of intrinsic low affinity for nucleosomes. There is strong experimental support for the idea that transcription regulation relies on the thermodynamical competition for binding DNA between transcription factors and nucleosomes (reviewed in [45] ). Our work is consistent with these experiments, which it extends by suggesting that the outcome of this competition is in large part dictated by local sequence cues, including nucleosome exclusion signals.
Decreasing the intrinsic affinity of nucleosomes for DNA is not the sole way to bias the competition toward transcription factor binding. Several other mechanisms can be imagined that could explain why the code we propose does not apply to all enhancers. For instance, the sFRP1/5 early ectodermal enhancer, which has a high nucleosome occupancy probability (Table S2) , binds FoxA [16] , a factor known to displace nucleosomes and strongly bend the DNA helix in vertebrates [36] . One could also imagine that enhancers binding highly abundant transcription factors may tolerate a higher affinity for nucleosomes. Finally, nucleosome occupancy in vivo is thought to be partially encoded in the genomic sequence and partially due to the action of chromatin remodeling complexes recruited by transcription factors (reviewed in [30] ). The relative importance of these mechanisms may vary in different organisms, and it has been proposed that in mammalian genomes, sequence-driven nucleosome positioning, and in particular nucleosome exclusion, may play less of a role than in ''lower'' organisms (reviewed in [31] ). Thus, although competition for binding between transcription factors and nucleosomes may be the underlying mechanism for transcriptional regulation in most organisms, this may translate into distinct sequence signatures in different organisms. Nucleosome exclusion mediated by an intrinsic DNA sequence code may apply to a larger fraction of enhancers in Ciona and Drosophila than in mammals.
Why may Ciona or Drosophila use the code described here to a different extent than mammals? These two invertebrates differ from mammals in the size of their genomes, as well as in their rate of embryonic development. The extremely rapid early development of Ciona and Drosophila may favor a small genome size with hard-wired nucleosome organization. In contrast, slower mammalian development may tolerate the slower establishment of chromatin structure through the interplay between transcription factors, chromatin remodelers, and the histone core.
Although much remains to be done to reach a satisfactory understanding of metazoan cis-regulatory codes, our study constitutes a further step toward the elucidation of a predictive second genetic code. It shows that a combination of careful dissection of cis-regulatory sequences, followed by their computational analysis, is an efficient way to identify characteristic features of enhancers. Combining predicted nucleosome exclusion with the chick-based model described in Segal [32] , the presence of functional transcription factor binding motifs, and phylogenetic footprinting should contribute to the accurate prediction of cis-regulatory regions in ascidians and Drosophila. Intrinsic nucleosome affinity should thus be taken into account in the thermodynamical modeling of transcriptional regulation in these organisms.
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